The human body is a complex assembly of physiological systems designed to manage the multidirectional transport of both information and nutrients. An intricate interplay between the nervous, circulatory, and secretory systems is therefore necessary to sustain life, allow delivery of nutrients and therapeutic drugs, and eliminate metabolic waste products and toxins. These systems also provide vulnerable routes for modification by substances of abuse. Addictive substances are, by definition, neurologically active, but as they and their metabolites are spread throughout the body via the nervous, circulatory, respiratory and digestive systems, there is abundant opportunity for interaction with numerous cell and tissue types. Cocaine is one such substance that exerts a broad physiological effect. While a great deal of the research concerning addiction has addressed the neurological effects of cocaine use, only a few studies have been aimed at delineating the role that cocaine plays in various body systems. In this paper, we probe the current research regarding cocaine and the immune system, and map a systems-level view to outline a broader perspective of the biological response to cocaine. Specifically, our overview of the neurological and immunomodulatory effects of the drug will allow a broader perspective of the biological response to cocaine. The focus of this review is on the connection between the nervous and immune systems and the role this connection plays in the long-term complications of cocaine use. By describing the multiplicity of these connections, we hope to inspire detailed investigations into the immunological interplay in cocaine addiction.
Introduction
Cocaine has diverse physiological and pharmacological actions as a result of its affinity for a variety of transporters and receptors in the central and peripheral nervous system, as well as in the immune system. This affinity enables cocaine to affect highly complex dopamine and opioid receptor signaling networks 1-3 that lead to a range of behavioral effects, including euphoria, alertness, energy, and enhanced locomotion, as well as anxiety and paranoia. 4 Because of the complicated nature of these behavioral effects, it is possible that not all arise solely from neuronal interactions with cocaine. Chronic use leads not only to physical harm based on the mode of administration but also to alterations in the chemical and molecular make-up of neurons affected by the drug. 4 A potential complication in understanding the actions of cocaine is the connection between the nervous and immune systems, 5 including the hypothalamic-pituitary-adrenal axis (HPA axis), the sympathetic nervous system (SNS), and the brain's innate immune system. The HPA axis is the primary stress-response network, which acts through signaling by hormones and cytokines. 6 The SNS nerve endings interact with lymphocytes in the spleen for the transmission of information (through neurotransmitters) to the lymphocytes, 7 while the return of information from the lymphocytes to the neurons occurs through cytokine signaling. 8 Cocaine can modify the immune system by elevating circulating levels of glucocorticoids. 6, [9] [10] [11] The brain, though initially viewed as an immune-privileged organ, has now been found to have its own immune components, including astrocytes and microglial cells, which exhibit behaviors of both neural cells and immune cells. 12 Findings have also shown that the brain is a drug metabolizing organ. 13 When these communication pathways are viewed in light of chronic cocaine use and addiction, it becomes apparent that this systems-level connection may potentiate both the immune and neural adaptations caused by chronic cocaine use. We will explore this notion first by reviewing both the neurological and immune effects of cocaine administration, then by investigating the interconnection of the two systems. We recognize that the direction of some of these connections may not yet be established -correlation does not necessarily imply causality. However, a first step toward a deeper understanding of the relation between cocaine and addiction may be to recognize the breadth of physiological systems affected by cocaine. Hence, this systems-level review, which we hope will lead to transdisciplinary explorations that might bring to light new perspectives on the problem.
Effects of cocaine use on the central nervous system
Cocaine is a stimulant of the central nervous system (CNS), and as a result, most research on cocaine use and addiction in the past few decades has been focused on neurological effects, with less attention given to non-CNS systemic actions. Though many pharmacological actions of cocaine in the nervous system have been explored, not all are completely understood. We now provide a brief synopsis of the direct effects of cocaine on the CNS.
Monoamine reuptake inhibition
The most well-known and studied action of cocaine is its role in blocking the reuptake of monoamine (norepinephrine, serotonin, and dopamine) neurotransmitters. As a small xenobiotic molecule exhibiting both lipophilic and hydrophilic properties, cocaine, upon administration, can cross the blood-brain barrier. Cocaine binds and blocks reuptake at catecholamine neurotransmitter transporters in the nucleus accumbens, ventral tegmental area, amygdala, and other regions. 14, 15 This blockade increases levels of monoamines (norepinephrine, serotonin, and dopamine) in the synaptic cleft, allowing greater ligand binding to their respective receptors on the postsynaptic and presynaptic neuron. The recruitment of these G-protein coupled receptors leads to multiple signaling events within the neuron, 16, 17 leading to increased neuronal firing in the nucleus accumbens, 14, 17 followed by presynaptically altered neurotransmitter release. [18] [19] [20] For instance, upon dopamine (D2) autoreceptor activation, further release of dopamine is inhibited and dopamine neuron firing is reduced. [21] [22] [23] Prolonged chronic exposure to cocaine can lead to downregulation of postsynaptic dopamine receptors, 24 producing tolerance to the effects of the drug. When this occurs, a higher dose is required to achieve the same results. 25 Dopamine signaling plays a fundamental role in learning and memory systems, and as such, Pavlovian and operant conditioning in these systems has been hypothesized to contribute to cocaine addiction. 16, 26, 27 For example, in both chronic users and rats, a spike in dopamine occurs in response to anticipated cocaine 25, 28, 29 and also in response to the peripheral interoceptive cues resulting from administered cocaine. 30 Both of these effects occur before the cocaine molecule reaches the brain and begins to block dopamine reuptake. 30 These findings provide evidence of a conditioned response to cocaine-associated cues -both external and interoceptive. These conditioned responses are thought to be related to adaptive modulation of circuits involving multiple neurotransmitter systems, including gamma-aminobutyric acid, norepinephrine, corticotropinreleasing factor, and the opioid receptors glutamate and acetylcholine. 25 Clearly, long-term drug abuse creates a generalized response involving multiple neurological signaling systems. To add to the complexity of this system, cocaine also interacts with additional classes of receptors, both neural and peripheral. We will begin this discussion by reviewing the prominent non-monoaminergic neural substrates.
Non-monoaminergic nervous system substrates: Sigma-1 receptor
As the main pathway leading to the reward associated with cocaine use, dopamine reuptake inhibition has received great attention from the scientific community. Investigation of the role of cocaine binding to additional neural substrates also has the potential to contribute to our understanding of cocaine's complex pharmacological actions. For example, although it is still unidentified, an additional neuronal receptor was discovered by Rothman and Baumann 31 to be a potential binding site for cocaine, as the binding affinity of the drug to this receptor is within the concentration range of cocaine found in brain membrane preparations postadministration. Smirnov and Kiyatkin 32 have implicated peripheral non-monoamine neural substrates in the immediate physiological response (desynchronization of cortical electroencephalography and activation of the neck electromyography) to cocaine prior to stimulation of the CNS. Secondary effects of increased dopamine signaling may also occur. For instance, prolonged cocaine administration leads to upregulation of opioid receptors in the nucleus accumbens and k opioid receptors in the olfactory tubule, caudate putamen, and cingulate cortex as a result of increased dopamine transmission. 33 The sigma-1 (s 1 ) receptor is one of the more extensively studied of the additional substrates for cocaine and will be reviewed here in greater detail.
The s 1 receptor is found in high density in the CNS and throughout peripheral organs, tissues, and immune cells. This receptor was initially classified as an opioid receptor in 1976, 34 but it was found to have no homology and few shared ligands to the opioid receptors and was subsequently reclassified as a separate class of receptor. 35 It has been implicated in addiction, cognition, pain, depression and a wealth of human diseases, including cancer and cardiovascular disease. 36 This receptor functions as both a molecular chaperone in the endoplasmic reticulum (ER), 37 and a modulator of ion channels (both voltage-gated and ligand-gated) on the cell surface and ER. 38, 39 As molecular chaperones, s 1 receptors redistribute to the ER in response to stress to the ER (shown in Figure 1 at both low and high concentration of N,Ndimethyltryptamine (DMT), a hallucinogenic drug). 40 This activity may play a role in the unfolded protein response, which suppresses release of misfolded proteins. 37 As the ion channel modulators, sigma receptors act in both the ER and outer cell membrane. In the ER, s 1 agonists administered in neural cell lines caused a rise in Ca þ2 flux through the IP3 receptor (IP3R) even in the presence of an IP3R inhibitor. 41 s 1 receptors have also been shown to regulate the interorganelle Ca þ2 signaling between the mitochondria and the ER. 37 Agonist-stimulated sigma receptors can also leave the ER and translocate to the cell membrane to inhibit the function of cell-surface ion channels. The first cell-surface ion channels to be associated with sigma receptors are the N-methyl-D-aspartate-type glutamate receptors, which are involved in memory and learning, although discrepancies exist between studies. [42] [43] [44] Through these actions, it is postulated that s 1 receptors modulate neuronal firing and neurotransmitter release 45 and play a role in the behavioral and locomotor stimulus response associated with cocaine use. 46 The affinity of cocaine for the s 1 receptor is 2-10 mM, which is within typical blood concentrations of cocaine users. 36, 45 Cocaine also augments the expression of the immediate early gene fos-related antigen 2 (fra-2), which in turn potentiates the gene expression of the s 1 receptor and its subsequent nucleophilic attack expression. 47, 48 As a s 1 agonist, cocaine is capable of inhibiting voltage-gated ion channels while enhancing the activity of ligand-gated ion channels. 38 The relationship between calcium and cocaine is far from new information; however, the details of the relationship, beyond that of cocaine causing a decrease in mobilized cytosolic Ca þ2 , potentially through a mechanism involving the s 1 receptor, are unclear. In this case, DMT binding leads to the dissociation of BiP, another ER chaperone, from the Sig-1Rs. The Sig-1Rs can then co-localize with inositol 1,4,5-trisphosphate receptors (IP 3Rs) at the MAM, enhancing Ca2þ signaling from the ER into mitochondria, which activates the TCA cycle and increases the production of ATP that is released into the cytosol. 40 (b) Higher concentrations of DMT cause the translocation of Sig-1Rs from the MAM to the plasma membrane, leading to the inhibition of other ion channels. Thus, Sig-1 R ligands might shift the site of action of Sig-1 R chaperones from the center of the cell to its periphery. In the present scheme, Sig-1Rs and related molecules or organelles are illustrated in the postsynaptic region for the sake of simplicity, although they may also be present presynaptically or in glia. Figure These studies of both monoamine and non-monoamine targets for cocaine binding shed light on the complex nature of the drug's pharmacological and behavioral effects. While many of these substrates, such as dopamine transporters, are well characterized, others are still in the early stages of identification and characterization. Understanding the diverse actions of cocaine will allow for the development of innovative methods for treatment of addiction or cocaine toxicity, yet investigating only the nervous system effects of the drug leaves an untapped resource for potential treatment strategies. One must also consider the immune effects of cocaine, as well as how the immune and nervous systems interact, to truly understand the complete physiological reaction to the drug.
Immunological effects of cocaine use
Investigation of the effects of cocaine on immune response began slowly in the 1980s with a study showing the suppressive effects of cocaine on the immune response of mice administered sheep red blood cells, 49 followed by 10-15 studies published per year from the early 1990s through the present day. As the link between cocaine use and immune function has become stronger, the expectation of permanent immune changes grows more plausible, but it has not yet been investigated directly. Extensive research on the role of cocaine in the susceptibility to and progression of HIV, cancer, and cardiovascular diseases has been conducted and will be reviewed here alongside general immune function changes due to cocaine exposure.
Direct immunomodulatory effects
Cocaine is an immune suppressor that acts directly on the s 1 receptor in a wide range of leukocyte populations, including T cells, B cells, and natural killer (NK) cells. Numerous peripheral mechanisms of action via the neuroimmune connection that result in immune function changes are also suspected (a summary of immunomodulatory effect is shown in Figure 2 ). In one of the earliest studies of the effects of cocaine on the immune system, Watson et al. 49 described a suppression of the immune system following cocaine administration in mice as measured by ear swelling and plaque-forming cell splenic assay. As time progressed, more direct measures of immune function were incorporated. Change in white blood cell count post cocaine exposure was one of these more direct immune differences, although there is some discrepancy in the nature of that change, with several reports of decrease 50 and even no change 51, 52 in cell count or viability. When exposed to cocaine, and to a greater degree when incubated with cocaine for 24 h, phytohemagglutinin-induced proliferation of T cells is suppressed and associated with a decrease in the cytosolic free Ca þ2 and diminished production of IL-2, 53 although other studies show no link between decreased T cell proliferation and Ca þ2 flux or IL-2 production. 54 Disagreement between findings suggests a more complex signaling cascade, with Ca þ2 most likely playing a critical role in need of further investigation. Faraj et al. 55 report that lymphocytes possess a highaffinity dopamine uptake process that cocaine blocks in a concentration-dependent manner. Cytokine secretion has been shown to be altered in response to cocaine exposure in various leukocytes, including NK cells, T cells, neutrophils, and macrophages. 56, 57 Specifically, cocaine has been shown to increase T helper type 1 (Th1) cytokines and decrease T helper type 2 (Th2) cytokines, and thus promote Th1-mediated immune responses and degrade Th2mediated responses. 57, 58 This range of results is perhaps due to varying exposure parameters (chronic and acute administration is known even to cause differential effects in the CNS), experimental model or cell population, and potential tolerance to cocaine. 59, 60 Pellegrino et al. 61 released a compelling study on lymphocyte proliferation after exposure to cocaine and demonstrated that suppression of proliferation occurred as a result of peripheral activities of cocaine. They additionally report that the need for a high dose of cocaine in vitro, in order to elicit a decrease in immune function, points to indirect methods of immune suppression, potentially through alterations on neurotransmitters or the neuroendocrine system. Disagreement between results from numerous studies indicates the complexity of this biological system and drives the need for a more systematic approach that includes studies on both the humoral and cell-mediated immune responses in single and mixed immune cell populations across various animal models, especially human, under tightly controlled and easily adjustable experimental conditions.
Serum protein alteration and resulting immune response
The body's response to recognizable foreign substances includes non-specific innate immune responses and primary and secondary adaptive immunological responses. These will occur if the foreign body, in this case cocaine, elicits an immune response. Immunological responses to antigen presentation should not occur in response to cocaine alone, as it is a small molecule; however, cocaine can elicit an immune response when attached to a large carrier molecule, such as a protein. Cocaine metabolites, specifically benzoylecgonine, have been shown to covalently modify endogenous proteins (e.g., albumin) present in the plasma through the acylation of the "-amino group of the protein lysine residues through a nucleophilic attack by benzoylecgonine. 62 Other mechanisms of cocaine modification of proteins are a topic of active interest. 63 The use of vaccines to treat substance abuse such as cocaine is beyond the scope of this review. [64] [65] [66] Though speculative in nature, these modified proteins have the potential to be recognized as foreign antigens through binding with major histocompatibility complexes (MHC) located on antigen-presenting cells (APCs) (e.g., macrophages, dendritic cells). Binding, depending on whether the proteins are endogenous or exogenous, will occur on either MHC class I or MHC class II, respectively, for any antigen that is recognized. The modified proteins that have been documented are treated as exogenous, as they are highly abundant plasma proteins, such as albumin and IgG proteins. The exogenous, modified proteins are endocytosed by APCs. This endocytosis occurs either non-specifically by dendritic cells whose primary job is to scavenge and present any protein they encounter, by receptors on macrophages, or through surface IgM antibodies on B cells. Once these endosomes are digested, through fusion with protease-containing lysosomes, the resultant digested peptides bind to MHC II, forming a complex that is then shipped to the plasma membrane for presentation to CD4þ T cells. Upon recognition, the CD4þ cells are activated by the APC, and they then stimulate B cells to produce neutralizing antibodies against the cocaine-acylated proteins. T cell activation subsequently leads to increases in IL-2 production and upregulation in IL-2 receptor expression in addition to T cell growth and proliferation. These T cells differentiate into T helper cells, which then differentiate into Th1 cells through IL-12 promotion, or Th2 cells through IL-4 promotion (corroborating the results of Gardner et al. 57 and Gan et al. 58 ). For this discussion, Th2 cells are most important, as they promote the production of antibodies through the activation of B cells. B cell activation occurs through a similar antigen recognition procedure: a specific antigen binds to B cell surface antibodies (IgM and IgD antibodies) and is endocytosed and presented as an MHC class II complex. This MHC class II complex must then be recognized by an antigenspecific Th cell, which then activates the naïve B cell through cytokine secretion. This Th cell also expresses a CD40 receptor, which binds with the CD40 produced by the antigen-presenting B cell. These B cells then proliferate and differentiate into antibody-secreting B cells. As such, both memory T and B cells specific to the modified proteins are present in the body, along with antibodies for their neutralization in the plasma.
After the initial recognition, activation, and antibodyforming cascade, cocaine-modified proteins in the bloodstream are recognized by IgM or IgG antibodies, resulting in an immunological cascade. 65 The cocaine-modified proteins are bound to extracellular IgM or IgG antibodies, which in turn activate the complement system. This is considered the classical pathway of activation and results from an antigen:antibody complex. These antibodies are produced by B cells, each having a single specificity for a modified protein dictated by the variable region of the antibody. The activation of complements results in the opsonization of the antigen, the recruitment of inflammatory cells, and the subsequent clearance of the antibody:antigen complexes through phagocytosis.
During this process, macrophages become activated by binding inflammatory chemokine C5a. Activated macrophages also secrete cytokines and other signaling factors, such as leukotrienes and prostaglandins, in response to antigen recognition. These recruit lymphocytes and alert them that an antigen is present, eliciting an adaptive response. As a result of activation, a cocktail of interleukins (i.e., IL-1, IL-6, IL-8, IL-12), in addition to tumor necrosis factor alpha (TNF-a), is produced by macrophages. Important for this discussion is the production of IL-6, IL-8, and IL-12, as IL-6 activates lymphocytes and stimulates further antibody production, IL-12 activates Th 1 cells, and IL-8 recruits neutrophils, basophils, and T cells. Hence, as a result of cocaine's permanent covalent modification of plasma proteins, an immunological response that ultimately includes both innate and adaptive immune systems is initiated.
Progression of diseases and aging
Immune suppression as a result of cocaine administration leaves the user with an increased susceptibility to infection. While cocaine itself is able to cross the blood-brain barrier, in doing so it leads to alteration in the expression and conformation of tight junction proteins and cocaine-induced neuroinflammation, which causes an increase in bloodbrain barrier permeability to toxins, bacteria and viruses, 67 and leukocytes. 68 Additionally, the relation of cocaine use and prevalence of HIV and AIDS has frequently been studied, with reports indicating that increased susceptibility to HIV infection among cocaine users is not only a result of intravenous drug use alone but also of the changes in the immune system caused by cocaine. 59 Baldwin et al. 56 report an increase in infectivity or HIV replication in human cells when exposed to cocaine in vitro. A decrease in CD4þ counts, lower CD4:CD8 ratio, and marked increase in viral load upon cocaine administration were found in mice implanted with HIV-infected human peripheral blood leukocytes. 69 In a supplementary study by the same investigators of the various mechanisms through which viral load was increased 150-fold, it was shown that cocaine both increases expression of HIV chemokine co-receptors and directly binds the s 1 receptor of leukocytes, causing an increase in IL-10 and TGF-b -both significant factors in the progression of HIV. 51 However, a recent study focusing entirely on quiescent T cells, which comprise the largest subset of circulating T-cells, did not observe increased IL-10 and TGF-b in these cells. Interestingly, an increase in HIV infection was attributed to bypassing the block in early reverse transcription in an independent manner, though the mechanistic rationale is currently under further investigation. 70 The striking impact of cocaine administration on risk and progression of HIV, along with the evidence of numerous mechanisms of action leading to these issues, necessitates further work before effective HIV treatment and prevention strategies can be developed.
HIV and other infections are not the only conditions worsened by cocaine use. Cancer progression has also been shown to be associated with the binding of cocaine to s 1 receptors, which increases chemokine production, specifically IL-10, leading to suppression of the antitumor response. 57, 71 It has also been reported that macrophage inhibition of tumor growth is diminished when exposed to cocaine in vitro. 72 As the antitumor response is a feature associated with the immune system, it follows that the suppression of the immune system by cocaine would also hamper the response to tumor formation.
Cocaine use is a culprit in many cardiovascular complications, including myocardial ischemia, apparent myocardial infarction, hypertrophy, myocarditis, thrombosis, stroke, and sudden cardiac death, among others. Although the mechanisms by which cocaine plays a role in cardiovascular disorders remain to be determined, many studies have investigated the connection. [73] [74] [75] [76] [77] [78] A thorough review of the role of cocaine use in cardiovascular disorders has been conducted elsewhere. [79] [80] [81] It is, however, important to realize the broad range of physical effects caused by cocaine use.
In a related study on drug-induced accelerated aging, Reece 82 reports that addicted populations of patients show higher erythrocyte sedimentation rate, C-reactive protein, globulins, globulin/albumin ratio, and lymphocyte count when compared with non-addicted medical patients, and that since many of these factors are considered biomarkers of aging, it is possible that aging of addicted individuals follows a contracted time course.
Current strategies of immune modulation research
Much of the research to determine the effects of cocaine on immune function discussed above was performed using immune cell lines and blood samples from animal models. The assessment of immune status is typically performed by quantifying parameters such as lymphocyte proliferation, cell count, cytolytic activity, plaque-forming activity, antibody titer, cytokine production, and corticosterone levels, to name a few. Immunoassays such as enzyme-linked immunosorbent assay (ELISA) and immunohistochemistry combined with flow cytometry are the current techniques used in these types of studies. These techniques have their challenges, though. For example, ELISA is plagued by potential complications of cross-reactivity and poor sensitivity, although digital ELISA might increase the sensitivity by orders of magnitude. 83 Flow cytometry, while fast and capable of detecting multiple wavelengths at a time, reports only population-based information, missing any variation between cell phenotypes and not allowing sequential measurements on individual cells. Further complicating such measurements in cultured lymphocyte cell lines are the large volumes associated with cell culture, which are known to dilute paracrine and autocrine signaling factors that provide critical information concerning the status of the immune system. 84 These concerns in the determination of immune status bring to light the need for additional analytical techniques and instrumentation to delve further into these biological matters.
The neuroimmune connection and its role in potential long-term effects of cocaine use
One theory of addiction is that drug use, especially when repeated, leads to long-lasting behavioral sensitization in the form of psychosis or craving for the drug, which is thought to arise from potentially permanent [85] [86] [87] [88] neuroplastic changes in certain areas and circuitry of the brain as a result of increased dopamine transmission. 89 De Vries et al. 90 report that reinstatement of drug-seeking behavior after withdrawal is associated with this long-term behavioral sensitization. Activation of the s 1 receptor has been implicated in drug-seeking relapse in mice as determined through the use of the conditioned place preference behavioral assessment. 91 Ecke et al. 92 link the cocaine-induced differences in long-term alterations of genes typically viewed as stress-or immune-related to the level of cAMP response element-binding protein, a factor in stress-induced reinstatement. The evidence of long-term effects in the nervous system suggests that permanent changes take place that have a subsequent effect on immune function potentially through the brain-immune communication network (Figure 3) [93] [94] [95] or by some other, yet undiscovered, means. Brain-mediated immune responses involve not only neuroendocrine, neurochemical, metabolic, and autonomic responses but also changes in mood, motivational state, sleeping patterns, eating behavior, and social and locomotor activities. 96 Cocaine has long been shown to increase levels of adrenocorticotropin hormone, b-endorphin, and corticosterone in rats in a manner dependent upon cocaine or dopamine regulation of corticotropin-releasing hormone, the initiator of HPA axis activation. 6, 10, 11 Likewise, cocaine use is associated with the maintenance of increased cortisol levels. 9 Upregulation of these stress hormones leads to increases in glucocorticoid receptor gene expression and potentiates cocaine self-administration. 97 HPA axis activation, along with the increased secretion of these signaling molecules, leads to downregulation of the inflammatory response. 95 Most investigations into the combined modulation of the immune system through the brain signaling in addition to cocaine are relatively short-term studies, and their findings have mixed responses due to the difficulty of controlling studies for collective cell-mediated immunity and peripheral effects relating to the humoral immune response. In one of the few long-term studies, Avila et al. 98 suggest several valid explanations for prolonged immune suppression after withdrawal from chronic cocaine use that imply long-term or even permanent alterations in the immune system. They discuss how the immune system's vulnerability caused periodic release of corticosteroids initiated by cocaine administration, the sustained stress response release of corticosteroids during withdrawal, or the combination of the two as potential mechanisms of sustained T cell suppression after withdrawal. 98 In separate studies by the same group, the activated neuroendocrine stress response was implicated in the suppression of cellular immunity during the early withdrawal period. 99, 100 Johnson et al. 101 investigated the immune markers during acute cocaine withdrawal in pregnant women, and over this short period of data collection saw significant changes in complement receptor expression (with most receptor expression increasing transiently during withdrawal), which plays a role in the host-pathogen response. The correlation of these changes with the course of withdrawal does not mean that these changes were necessarily directly related to the addiction.
The interaction between the brain and the immune system is bidirectional, resulting in the brain interpreting immune cell activation as a stressor through signaling of cytokines. 93, 94 Since cocaine is capable of eliciting an immune response by binding to serum proteins and thereby activating the release of cytokines, the effects of cocaine may be potentiated through the HPA axis.
A recent review published on the neuroimmunopharmacology of opioids provides an in-depth discussion of the role of the central immune system -i.e., astrocytes and microglial cells, which exhibit behaviors of both neural cells and immune cells -in this interconnection of the neurological and immunological systems. 12 Hutchinson et al. 12 comment that ''[c]entral immune signaling cannot be thought of as a parallel system separate from that of neuronal synaptic transmission and neuronal communication,'' which, taken together with the research findings of the neuroimmune connection, can be extended to include peripheral immune signaling. Cocaine has been found to further potentiate the neuroimmune connection by serving as an inflammatory stressor that causes leukocytes to adhere to endothelial cells of the blood-brain barrier, Figure 3 (a) Brain-immune bi-directional connections: the vagus nerve, the hypothalamic-pituitary-adrenal axis, the sympathetic nervous system, and the PNS. (b) Glucocorticoids' mechanisms of action on immune cells resulting in alteration of function. From Sternberg. 95 Reprinted by permission of the author and from Macmillan Publishers Ltd SNS: sympathetic nervous system; PNS: peripheral nervous system which leads to leaking of the tight junctions and allows leukocytes to traverse the barrier. 68 This connection complicates the determination of potential mechanisms of immunosuppressive effects of cocaine, but further establishes the likelihood of both direct and peripheral mechanisms of action, the interactions of which may serve as a feedback system that could lead to prolonged and longterm effects in both the immune and nervous systems.
Experienced researchers in the field of drug-modulated immunology also speculate on the matter of long-term immune effects. For instance, Pacifici et al. 102 comment that ''. . . the possibility that some kind of immune memory mechanism could also play a role cannot be discarded.'' Evidence of these potential sustained effects, however, may lie in the neuroimmune communication, including the HPA axis and the autonomic nervous system. With the increasing attention toward psychoneuroimmunology and the link between the brain and the immune system, in addition to the continuing quest to understand addiction, future studies may be able to bring to light any long-term or permanent immune effects and the connection between those of the long-lasting or permanent behavioral changes in the nervous system.
Conclusions
Cocaine, while often considered to plague a single physiological system, is capable of eliciting a range of effects on both the nervous and immune systems, thereby creating a cascade of physiological responses. Many of the effects on the nervous system are due to modifications of dopamine signaling, though there is evidence of additional actions through the s 1 receptor, as well as receptors that are still to be identified. The suppression of the immune system by cocaine is highly dependent on dose and administration frequency, and although cocaine alone does not elicit an immune response, it may lead to activation of the immune system and production of cytokines through modifications to serum proteins. When viewing the modulations of both the immune and nervous systems in light of the bidirectional communication network, it is likely that further regulatory interactions occur, specifically through upregulated stress hormones and a variety of changes to particular immune-signaling molecules, producing a complex interaction network that leads to adaptations in gene transcription. While there is no published evidence of a permanent change in immune function as a result of either chronic or acute cocaine use, the long-lasting or permanent behavioral changes, in addition to the link between the brain and the immune system, lead one to speculate regarding this possibility. Immune adaptations could further explain the relationship between cocaine use and diseases and aging.
In order to best treat addiction, it is important to understand how addictive drugs affect not only the brain but also the immune system. Though the recent advances in developing vaccines against cocaine addiction 103 could serve to benefit many individuals, they focus on preventing the neural effects of the drug and ignore the immune response to the drug-modified serum proteins (which begins as soon as cocaine enters the bloodstream) and subsequent neuroimmune signaling capable of perpetuating addictive effects. Yet these endeavors may serve to propel interest in the effects of cocaine on the immune system in addition to the neurological effects. Continuing to look at cocaine modulations on a systems level, thus further investigating the neuroimmune connection, could lead to additional treatment strategies that ameliorate the long-term or permanent changes associated with chronic drug use.
Ideally, this systems-level review of the interconnections between the immune and nervous systems will enable further explorations that cross physiological and disciplinary boundaries. Possibly we raise more questions than we answer, but that reflects the status of the current understanding of these complex interconnections.
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